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ENVIRONMENTAL CARCINOGENESIS
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The potential for human carcinogenicity of almost all pesticides
currently on the market has been poorly evaluated and is inade-
quately understood. Generating mechanistic data in both animal
studies and epidemiology will play an increasingly important role
in the future. Improved exposure assessment, in large prospective
studies that generate reliable exposure-response data that focus
on individual pesticide exposures are needed. One of the great-
est opportunities to make more rapid progress will be to foster
more multi-disciplinary collaborations between toxicologists and
epidemiologists. Collaborations on molecular epidemiology inves-
tigations offers such opportunities to both toxicologists and epi-
demiologists that were not possible even a decade ago.
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DO PESTICIDES CAUSE CANCER?
Pesticides are “substances used to prevent, destroy, repel or

mitigate any pest ranging from insects, animals and weeds to
microorganisms. . . . [1] Pesticides are pervasive in our environ-
ment. In 1999, over one billion pounds of pesticides were applied
in the United States and over 5.6 billion pounds were applied
worldwide.[1] Some pesticides, including the organochlorines
(e.g., aldrin, chlordane, DDT, dieldrin), lead arsenate, creosote,
and sulfallate, are carcinogenic in animals[2−4] and are no longer
registered for use in western nations. Many of these pesticides,
however, continue to be used in developing nations.[5] Although
the acute toxicity of pesticides generally is well characterized by
animal testing (and human experience), the potential for human
carcinogenicity of almost all compounds currently on the mar-
ket has been poorly evaluated and is inadequately understood
despite 50 years of epidemiologic and toxicologic research. The
International Agency for Research on Cancer (IARC) has clas-
sified “occupational exposures in spraying and application of
non-arsenical insecticides” as a group as “probable human car-
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cinogens” (category 2A).[4] Although, other than the arsenical
insecticides and TCDD (a contaminant of the phenoxy herbicide
2,4,5-T), which are identified as human carcinogens by IARC
(category 1), the epidemiological evidence for all other com-
pounds is weak and inconclusive. Without identifying whether
a specific compound is responsible for the cancer link, appropri-
ate and effective public health measures are difficult to establish.
In this review, we will evaluate the strengths and limitations of
current scientific evidence linking pesticides and cancer and dis-
cuss strategies to fill in the gaps in our current understanding.

ESTABLISHING A PRIOR HYPOTHESES FOR
EPIDEMIOLOGY STUDIES OF HUMAN CANCER:
STANDARD CARCINOGENIC BIOASSAYS

The standard bioassay to determine the human carcinogenic
potential for chemical agents is the two-year feeding studies of
rodents (rats or mice). This type of assay, however, is very costly
and time intensive.[6] Given that there are 890 registered active
ingredients and thousands of pesticide formulations registered
for use in the United States (USEPA sales and usage, 1996 and
1997), it is impractical to conduct rodent feeding studies on all
of these pesticides. Even when a pesticide is tested, interpreting
the results and making crossspecies extrapolations and extrapo-
lations from very high doses to low doses are fraught with un-
certainty. Further, the administered doses, while generally not
high enough to cause overt toxicity, may damage the epithelium
of various organs thus stimulating a mitogenic response by the
injured epithelium. It may be this mitogenic response is due to
cytotoxicity (which is unlikely to take place at exposure levels
usually experienced by humans) rather than a carcinogenic effect
of the agent driving cell proliferation that may greatly increase
the probability of developing cancer in animal bioassays.[7,8] In
addition, the mode of action cannot be identified by these feeding
studies, providing little information that generally is considered
necessary to extrapolate carcinogenic risk to humans.[6]

In lieu of these long-term assays, short-term bioassays have
been developed based on our understanding that genotoxicity
plays a major role in the induction of carcinogenesis by many
agents.[9] The short-term bioassays have become the standard
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methods used to assess the carcinogenicity of chemicals[6,10] in-
cluding pesticides. Commonly used short-term assays generally
include a bacterial assay (i.e., Ames test), a mammalian cell
assay (i.e., mouse lymphoma assay) and a cytogenetic assay as-
sessing structural and numerical chromosomal aberrations.[6,9]

Extrapolations from short-term bioassays also are difficult and
the predictive ability of these assays has been disputed,[6,9,11−16]

in part because they fail to account for metabolic differences be-
tween species.[9]

The sensitivity of the Ames Salmonella mutagenicity assay
to identify mutagens as carcinogens has been estimated at 45–
90 percent.[14,16−18] With regard to the other short-term bioas-
says, the sensitivities and specificities suggest that these as-
says (chromosome aberration: sensitivity = 55 percent; speci-
ficity = 69 percent, sister chormatid exchange: sensitivity =
73 percent; specificity = 45 percent, mouse lymphoma: sensitiv-
ity = 70 percent; specificity = 45 percent) separately or in com-
bination may not be sufficient to predict the carcinogenicity of
an agent in the rodent model,[14] let alone predict human carcino-
genicity. Shelby[19] found the Salmonella assay had a sensitivity
of 17 (77 percent) for 23 IARC Group 1 human carciogens,
while Wilbourn et al.[15] concluded that the rodent assays were
predictive for 84 percent of 44 known or suspected IARC car-
cinogens (not that much higher than the Salmonella bioassay
sensitivity reported by Shelby).

Despite these limitations, long-term and short-term assays of-
ten are used to guide epidemiologic efforts in determining which
agents to investigate. We now recognize that some agents may
promote carcinogenesis through nongenotoxic mechanisms by
inducing noncytotoxic cellular proliferation or by inducing per-
oxisome proliferation that may lead to the generation of reactive
oxygen species that in turn can damage DNA.[20] Other potential
mechanisms for nongenotoxic carcinogens include modulation
of signal transduction pathways and inhibition of gap junctional
intracellular communication.[21] and immunotoxicity.[22]

New bioassays, such as transgenic mouse models, have incor-
porated advances made in our understanding of carcinogenesis
and may prove to be much more sensitive and specific in de-
tecting the potential human carcinogenicity of an agent than the
older bioassays,[10,23] although our experience in using these
newer bioassays is limited to a fraction of the pesticides on the
market.

EVALUATE PESTICIDE EPIDEMIOLOGY IN THE
ABSENCES OF A PRIORI HYPOTHESES

Since the entire battery of current long-term and short-term
bioassays is not available for all pesticides and since the sen-
sitivity and specificity of most long and short-term bioassays
are well below 90 percent, establishing firm a priori hypotheses
about human carcinogenicity frequently is not possible. In the
absence of a strong a priori hypothesis linking a specific pesticide
to a specific cancer, observations from classical epidemiology
showing a positive association are sometimes called into ques-
tion. Critics may label the results false positives, typically citing

one of the following methodological flaws: 1) The association
occurred by chance alone, since the study subjects had multi-
ple exposures and the evaluations made multiple comparisons;
2) the information on exposure was inadequate to distinguish
varying degrees of exposure, so exposure-response evaluation
was impossible; 3) the information on exposure was collected
after the cancer developed (in case-control studies), resulting
in a case-recall bias and a false positive result; 4) information
on lifestyle and other occupational exposures was lacking and
it was these ‘other factors’ that are statistically associated with
the pesticide exposure, and not the pesticide that is the true car-
cinogen (i.e., confounding bias); 5) the biological basis for the
association was unknown, the animal data were negative, and so
we must disregard the epidemiological result.

Conversely, other critics have argued it is even more
likely that some pesticides are actually unrecognized human
carcinogens.[24] Failure to recognize these compounds as car-
cinogens may be due to the inadequacy of exposure assessment,
sample size, and study design. Analytic epidemiology of pesti-
cides needs to progress beyond studying pesticides in aggregate
and begin to study the health effects of exposure to individual
pesticides. Conventional classifications of pesticides (i.e., in-
secticide, herbicide, and fungicide) are not made with regards to
the mode of carcinogenic action and, therefore, studies based on
aggregate classification likely are to obscure associations with
individual pesticides. Similarly, positive associations in studies
with few exposed cases inevitably result in tentative conclusions
and few specific public health recommendations.

CONSOLIDATED REVIEW OF EPIDEMIOLOGICAL
STUDIES

Commercial pesticides usually are not a single active ingre-
dient, but include a mixture or solution of both “active ingredi-
ents” and “other ingredients.” The health effects of a pesticide
product may result from exposure to either the active ingredi-
ent or the other ingredients in the formulation or both. While
the active ingredient is public information, “other ingredients”
may include a wide array of compounds and information about
these ingredients often is considered confidential business infor-
mation and is not publicly available. Some evidence from ani-
mal testing suggests the commercial formulation of a pesticide
may cause greater biological effect on the animal then does the
pure active ingredient.[25−29] For example, the commercial prod-
uct “Roundup” [containing the active ingredient glyphospate]
was associated with increased DNA adducts in mice[26] and a
weak mutagenic effect in the Salmonella assay,[27−29] whereas
glyphosate alone did not show these effects.

Our review of the literature has been organized by chemi-
cal class of the “active ingredient” and the conclusions reached
by the authors cited usually refer to the “active ingredient” or
the chemical class of the “active ingredient,” but the reader is
advised that the exposure is actually to a complex formulation
of compounds. The chemical structures of a sample of these
pesticides are shown in Figure 1.
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FIG. 1. Chemical structure of selected pesticides.

Organochlorine Insecticides
Organochlorine insecticides belong to three chemical classes:

1) dichlorodiphenylethanes, 2) cyclodienes, and 3) chlorinated
benzenes and cyclohexanes.[30] Collectively, organocholorine
insecticides are very effective because they have low volatility,
high chemical stability, high lipid solubility, and slow biotrans-
formation and degradation. These same characteristics, however,
make these insecticides particularly hazardous to non-pest or-
ganisms (flora and fauna), including humans.

In 1991, IARC (monograph 53) reviewed chlordane and DDT
for carcinogenicity and concluded that they were possibly car-
cinogenic to humans (Class 2B).[4] In particular, IARC specified
that there was sufficient evidence from experimental animals for
carcinogenicity, but that there was inadequate evidence for hu-
man carcinogenicity. The genotoxicity bioassays reviewed by
IARC suggested that DDT did not induce DNA damage in bac-
teria, yeast, or cultured mammalian cells, including cells har-

vested from human. The results from chromosomal aberration
assays were mixed. In long-term feeding studies, the incidence
of liver tumors and leukemia was elevated in exposed rodents.
Chlordane also was shown not to damage DNA. It was clasto-
genic, however, and increased the incidence of malignant tumors
in rodents.

Organochlorine insecticides have been associated with non-
Hodgkin lymphoma (NHL), brain cancer and other cancers of
the central nervous system, prostate cancer, pancreatic cancer,
breast cancer, and liver cancer.[4] However, exposure assess-
ments generally have been weak and the studies have not linked
specific pesticides to cancers in a consistent fashion.

Studies using biologic measures of organochlorine pesti-
cides have been inconsistent. Hardell et al.[31] found an NHL
risk to be associated with serum chlordane and related com-
pounds collected postdiagnostically, but in a population-based,
case-control study using prediagnostoc serum levels of several
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organochlorine compounds, Cantor et al.[32] could not confirm
this finding. The inconsistency between these two studies may
illustrate the need for prediagnostic biological samples to estab-
lish etiological associations.

The estrogenic activity of DDT, DDE, and other chlorinated
pesticides has been hypothesized to increase the risk of breast
cancer, but numerous cohort and case-control studies failed to
show a convincing association.[33−44]

The great majority of cohort studies of pesticide workers have
not indicated an excess risk of brain and central nervous system
cancer associated with organochlorine.[45] Although, higher lev-
els of organochlorine compounds were found in adipose tissue
of brain cancer patients than noncancer patients, but studies have
failed to identify specific pesticides.[46]

A majority of epidemiologic studies have demonstrated an
association between prostate cancer and farming and/or pesti-
cide exposure, but the relative risk estimates were generally less
than 1.5 (50 percent excess risk). The specific pesticides respon-
sible have not been identified, but a number of investigations
have suggested an association with organochlorine insecticides
as well as other pesticides.[46−53]

Pancreatic cancer risk was elevated in a number of occu-
pational studies of agricultural workers and pesticide users,
including farmers,[54−56] and licensed and unlicensed agricul-
tural pesticide applicators.[57−62] Garabrandt et al.[63] observed
elevated risk of pancreatic cancer among DDT manufactur-
ing workers (OR = 4.8, 95% CI 1.3–17.6). Another study from
Australia showed a five-fold increased risk associated with DDT
application.[64] Two published reports examined the role of DDT
and mutation of K-ras, a growth signal transduction gene that
commonly is mutated in pancreatic cancer tumors,[65,66] but
these studies were inconsistent.

Liver cancer has been associated with DDE levels in adipose
tissue in Whites but not among African-Americans.[67] While
some studies have suggested that farmer laborers have elevated
risk of liver cancer, other studies have not demonstrated such an
association.[68]

It is curious that epidemiologic studies to date have been un-
able to provide clear evidence to either support or refute the con-
clusions regarding human carcinogenicity of pesticides based
on the animal data.[69] One possible explanation for this para-
dox may be the exposure assessment in the epidemiologic stud-
ies was inadequate to detect the carcinogenic effects of DDT
or chlordane exposure. Conversely, the epidemiologic evidence
may have identified correctly the association and the animal
evidence was spurious because of the inherent limitations of
bioassays.[69] Regardless, situations likes these emphasize how
difficult and complex the process of causal inference can be
when it comes to determining etiologic factors for disease.

Carbamate Insecticides
Carbamate insecticides are a group of compounds with a car-

bamate group that binds to acetylcholine esterase to elicit neu-
rotoxicity. Acetylcholine esterase hydrolyzes acetylcholine, an
important neurotransmitter. During acute poisoning with these

compounds, the concentraion of acetylcholine is increased in
neuronal synapses leading to overstimulation of cholinergic re-
ceptors. Carbamate insecticides are considered reversible in-
hibitors of acetylcholine esterase because they readily disassoci-
ate with acetylcholine esterase and generally are considered less
hazardous than organochlorine and organophosphate pesticides.
Potential carcinogenic modes of action currently are unknown.

In a nested case-control study of Florida structural pest
control workers, those who used carbamate insecticides were
observed to have an excess lung cancer risk (OR = 16.3;
95%CI = 2.2–122.5), although no specific carbamate insecti-
cides were associated the excess risk.[70] A similar excess risk
for lung cancer was not observed in a population-based case-
control study among residences of Saskatchewan, Canada.[71]

NHL was observed to increase among those occupationally ex-
posed to carbamate pesticides (OR = 1.9, 95%CI = 1.2–3.0) in
the “cross-Canada study of pesticides and health”[72] and car-
bofuran, a carbamate insecticide, was associated with a signif-
icant elevation in NHL risk among farmers using this pesticide
(OR = 1.6, 95%CI = 1.1–2.3).

The USEPA classified carbaryl, a carbamate insecticide, as
“likely to be carcinogenic to humans” primarily because expo-
sure increased the incidence of vascular tumors in mice com-
pared with nonexposed control mice.[2] In addition, carbaryl has
been shown to induce as well as promote malignant tumors when
applied topically to Swiss albino mice.[73] Sister chromatid ex-
changes also were observed in V79 hamster cells treated with
carbaryl.[74]

Epidemiologically, carbaryl was found to be a risk factor
for NHL in a pooled analysis of three population-based, case-
control studies in the U.S. Midwest.[75] Carbamate insecticides,
along with several other pesticide classes, also were found to be a
risk factor for NHL in a Canadian multicenter population-based,
case-control study.[72]

Carbofuran is a widely used carbamate insecticide registered
for use on corn, alfalfa, and tobacco.[76] Laboratory data have
shown that carbofuran is weakly mutagenic in some strains of
S. typhimurium,[77] but N -nitosocarbofuran, derived from nitro-
sation of carbofuran, was more consistently was shown to have
mutagenic properties.[78] Carbofuran was not associated with
an increase in the incidence of malignant tumors in several two-
year rat feeding studies[79] and the USEPA currently has listed
carbofuran as “not likely to be carcinogenic in humans.”[2]

The epidemiological data on the human carcinogenic-
ity of carbofuran is inconclusive. Farmers who used car-
bofuran had elevated risk of NHL in at least two studies
(NHL) (OR = 1.6; 95%CI = 1.1, 2.3) and NHL (OR = 1.6;
95%CI = 0.7–3.9).[72,75] A small, nonsignificant elevation in
risk was observed among 21 exposed NHL cases in the Agricul-
tural Health Study (AHS), a large prospective cohort study with
comprehensive exposure information collected prior to onset of
cancer for 50 important agricultural chemicals, including carbo-
furan. The rate ratios for NHL increased with increasing lifetime
exposure-days of carbofuran use (OR = 1.0 [referent = 0 days],
0.8 (<9 days), 1.3 (9–39 days), 1.4 (>39 days)); although the
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p for trend was not statistically significant (p trend = 0.40).[80]

Pesticide applicators who applied carbofuran were also at an
elevated risk of lung cancer with increasing use (OR = 1.0 [ref-
erent = <24.5 days], 1.4 (24.5–108.5 days), 2.3 (>108.5 days)
p for trend = 0.05) in the AHS.[81] While the nonsignificant in-
creasing trend of NHL with increasing days of carbofuran use
and the borderline significant trend for lung cancer risk with in-
creasing days of carbofuran use do not, by themselves, demon-
strate a causal relationship, they suggest that carbofuran may
be a human carcinogen. Further follow-up of the AHS cohort
should clarify this picture.

Should carbofuran prove to be a human carcinogen, the mech-
anism of action will need to be studied since conclusive data are
lacking. The fact that nitrosation of carbofuran produces a mu-
tagenic intermediate (N -nitrosocarbofuan) is of interest,[78] as
is the observation that carbamate insecticides impair immunity
in animals[82] and humans.[83]

Organophosphate Insecticides
Organophosphorous (OPs) compounds are a large and di-

verse family of chemicals. The nomenclature is complex and
the classification may follow various schemes. The large ma-
jority of OPs insecticides may be regarded as derivatives of
phosphoric acid (e.g., DDVP). Large subclasses of OPs are
the sulfur-containing compounds (phosphorthionates), which
include parathion, diazinon, chlorpyrifos, and many others.
Other important classes are the phosphorothiolates (demeton II,
omethoate), phosphorothiolates (phorate, malathion), and phos-
phordithiolates (ethoprop, terbufos). The acute lethality of OP
insecticides as a class of compounds largely is due to their ability
to inhibit acetylcholinesterase.

In a Canadian multicenter population-based, case-control
study among men with a diversity of occupations, McDuffie
et al.[72] found that among major chemical classes, the risk
of NHL was statistical associated with increased exposure
to organophosphate insecticides and other herbicides and
insecticides.

Chlorpyrifos, one of the most widely applied organophos-
phate insecticides (phosphorthionates) in the United States,[1]

used to control pests on a variety of food crops, turf, ornamental
plants, greenhouses, sod, indoor pest control, structural pest con-
trol, and pet collars.[84] Laboratory data report that chlorpyri-
fos induces mutagenicity.[85,86] sister chromatid exchanges[87,88]

and chromosomal loss.[89]

Prior to the AHS the epidemiological literature provided little
support for the human carcinogenicity of chlorpyrifos and the
latest evaluation by the USEPA has classified chlorpyrifos as
a Group E (i.e., evidence of noncarcinogenicity for humans).[2]

Recently published data from the AHS, however, found a signif-
icant exposure-response pattern for chlorpyrifos with the risk of
lung cancer increasing as the number of lifetime exposure days
increased (p for trend = 0.036) while controlling for the effect
of smoking and other know lung cancer risk factors.[90]

Should chlorpyrifos prove to be a human carcinogen, the
mechanism of action is not known, but it is known that chlorpyri-
fos is metabolically activated in the liver to the active metabolite,
chlorpyrifos oxon, which produces neurotoxicity by inhibiting
esterases in the peripheral and central nervous system.[91,92] In
studies among rats, chlorpyrifos induced mitotic abnormalities
and cytotoxicity,[93] immunologic abnormalities,[94] generation
of reactive oxygen species, DNA damage, and lactic acid dehy-
drogenase leakage.[95] In humans, increased CD26 expression
and frequency of antibodies were found.[96] In other experi-
mental studies, chlorpyrifos modified endogenous antioxidants,
superoxide dismutase, glutathione peroxidase, and glutathione,
which may lead to the development of oxidative stress as well
as and also decrease activity of glutathione-S-transferase, an
important metabolic enzyme responsible for detoxification of
numerous xenobiotic compounds.[97]

Phenoxy Acid Herbicides
Phenoxy acid herbicides are a group of compounds with a

phenoxy acid group used extensively in the corn belt and for
small grain production as pre- and postemergent herbicides.
Some of these compounds such as 2,4 D also have widespread
use on lawns and gardens for weed control. 2,4,5 T, a phenoxy
acid herbicide widely used in the 1960s, was found to be con-
taminated with dioxin (i.e., TCDD a human carcinogen) until
manufacturing processes changed in the mid-1960s, resulting in
much lower TCDD concentrations.

In 1986, IARC reviewed the evidence for carcinogenicity of
chlorophenoxy herbicides, including 2,4-D, and concluded that
there was limited evidence for carcinogenicity to humans. More
recent genotoxicity bioassays found no evidence that 2, 4-D
was genotoxic.[98] Similarly, 2,4-D did not increase the forma-
tion of micronuclei in vivo.[99] Further, chronic feeding studies
conducted in rodents found no increase in the incidence of ma-
lignant tumors.[100]

The analytical epidemiological literature linking phenoxy
herbicides to cancers include both cohort and case control stud-
ies. Among the cohort studies, Becher et al.[101] found an SMR
of 326 (CI 119–710) for NHL in a group of workers in phe-
noxy herbicide plants in Germany, the excess occurring in the
groups with the highest exposure to dioxins and other contam-
inants of phenoxy acids. Hooiveld et al.[102] found an RR of
1.7 (95%CI = 0.2–16.5) with RR increasing parallel to serum
levels of TCDD indicating an exposure-related risk. Lynge et
al.[103] did not find an elevated risk of NHL among a group of
Danish phenoxy herbicide factory workers exposed to the her-
bicide MCPA, nor did Asp et al.[104] find an increase risk among
Finnish chlorphenoxy herbicide applicators. Both of these stud-
ies were relatively small and firm conclusions could not be
reached. Morrison et al.[105] conducted a large study of 155,000
farmers in Canada and found a statistically significant increase in
NHL (RR = 2.11, 95%CI = 1.1–1.9), but specific phenoxy acid
herbicides responsible for the excess were not identified. Thorn
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et al.[106] did not find elevated rates of NHL among Swedish
lumberjacks exposed to phenoxy herbicides. Zahm[107] found a
slight excess of NHL (SMR = 1.14, 95%CI = 0.31–2.91) among
employees of a lawncare company that used phenoxy acid
herbicides, but the cohort was small and young and associa-
tions with specific pesticides could not be determined at that
time.

Among the case-control studies, Hardell and Ericksson[108]

first found an elevated risk in males over 25 years old for ex-
posure to herbicides (OR = 1.6, 95%CI = 1.0–25), fungicides
(OR = 3.7, 95% CI = 1.1–132.0), and specifically, phenoxy
acids (OR = 1.5, 95%CI = 0.9–2.4). In a second study, Hard-
ell et al.[109] found significantly elevated ORs with exposure
to herbicides, in general, as well as exposure to phenoxyacetic
acids, glyphosate, and MCPA in particular. Kogevinas et al.[110]

did not find an elevated risk in connection with several phenoxy
herbicides, though small excess were found with TCDD. While
Persson et al.[111] found an OR of 2.3 (95%CI = 0.7–7.2) for
NHL with occupational exposure to phenoxy herbicides, though
the exposure was not quantified.

Triazine Herbicides
Triazine herbicides are a group of compounds with a triazine

group that are used widely pre- and postemergent herbicides.
Frequently used triazine herbicides include atrazine, simazine,
cyanazine, metribuzin. Atrazine is used primarily on corn and
soybean crops to control for the growth of broadleaf and grassy
weeds. An estimated 76.4 million pounds of atrazine are applied
annually in the United States, making atrazine the highest use
agricultural pesticide.[1]

Animal data have shown that atrazine is associated with
increased incidence and early onset of mammary tumors in
female Sprague-Dawley rats with oral administration.[112,113]

Atrazine also was associated with lymphomas and testicular
cancer in rats and mice,[114−116] but the animal data were some-
what inconsistent.[117] IARC has classified atrazine as “possibly
carcinogenic to humans,” a 2B human carcinogen,[117] while
the USEPA has classified atrazine as “not likely to be a human
carcinogen.”[118]

A greater than expected numbers of cases of cancer of the
prostate, bladder, and oral cavity, and of lymphomatopoietic
cancers were observed in a cohort of triazine manufacturing
workers; however, none of the increases was statistically sig-
nificant and exposures other than atrazine also occurred.[119] In
case-control studies conducted in the U.S. Midwest, atrazine
or triazine use was not associated with Hodgkin’s disease,[120]

leukemia,[121] multiple myeloma,[122] soft tissue sarcoma,[120] or
colon cancer.[123] However, in a pooled analysis by De Roos et
al.[124] of data of these studies found increased odds ratios for
NHL with atrazine exposure in combination with exposure to
one of three other pesticides (diazinon, alachlor, and dicamba).
A case-control study of ovarian cancer found an increased risk
among women farmers “possibly” and “definitely” exposed to

atrazine in their occupation.[125] Rusiecki et al.[126] found no
clear association between atrazine and any cancer in the AHS
cohort, but follow-up was recommended for tumor sites in which
there was a suggestion of a trend (lung, bladder, NHL, and mul-
tiple myeloma).

Isopropylamine
Glyphosate [N- (phosphonomethyl)glycine], commonly sold

in the commercial formulation Roundup (Monsanto Company,
St. Louis, MO), is one of the most frequently used broad-
spectrum herbicides in the world.[1,127] Some studies found
slightly greater genotoxicity in the formulation Roundup com-
pared to glyphosate alone.[128,129] Roundup also was found to
increase DNA adducts in mice[26] and was weakly positive in
a variety of mutagenicity assays,[27−29] but these effects were
not observed with glyphosate alone. Chronic feeding studies of
glyphosate have not provided evidence of a carcinogenic ef-
fect in mice or rats.[127] De Roos et al.,[130] found no associa-
tion overall between glyphosate exposure and cancer incidence
(all cancer combined) in the AHS, nor with most other can-
cers. However, there was a suggested association for multiple
myeloma.

EVALUATING EPIDEMIOLOGICAL EVIDENCE LINKING
SPECIFIC PESTICIDES TO CANCER IN THE ABSENCE OF
FIRM A PRIORI HYPOTHESES

Pesticides are used by hundreds of millions of people in agri-
cultural, commerce, public health, and for home and gardens
purposes around the world. For many, pesticides are considered
an important tool that is essential for their livelihood and wel-
fare. Regulatory policy that prematurely identifies a pesticide as
a carcinogen runs the risk of taking a relatively safe and valu-
able tool out of the pesticide-applicators toolbox. Conversely,
when a pesticide is a human carcinogen, delayed action can put
the pesticide-applicator and society at increased risk of serious
disease.

Few epidemiological studies generate sufficient empirical ev-
idence to establish, on their own, that a particular compound is
a human carcinogen. A major problem with the evaluation of
the carcinogenicity of pesticides in humans is that there are of-
ten no strong a priori hypotheses linking a specific pesticide
with a specific cancer. As such, the findings from the most rig-
orous epidemiologic studies face the uncertain task of inter-
preting statistically significant exposure-response associations
linking a specific pesticide to a specific cancer with little prior
evidence supporting a link between a pesticide and outcome.
This situation can lead to “false-positive associations.” To guard
against this type of error, the authors proposed a set of guidelines
(Table 1) that might be used to interpret epidemiologic studies
in this environment. Under these circumstances, it might be rea-
sonable to expect that an evaluation of human carcinogenicity
of a specific pesticide from a study or series of studies should
replicate a significant positive exposure-response trend with a
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TABLE 1
Potential guidelines for the evaluation of the epidemiological evidence linking specific pesticides to cancer

Level of
evidence category Conclusion

Strength
of epidemiologic

Consistency
of evidence

Recommended public
health action

1 Human carcinogen 1. Significant positive
exposure-response.

2. Documentation of internal
exposure on a sample of
study subjects.

3. Evidence of relevant
biological effect in
humans or animals.

1. Significant
exposure-response in two
geographic areas and/or
two periods of time.

1. Immediate review of
registration.

2 High level of
evidence

1. Significant positive
exposure-response.

2. Documentation of internal
exposure on a sample of
study subjects.

1. Significant
exposure-response in one
geographic area and one
point in time.

1. Immediate review of
registration.

3 Moderate level of
evidence

1. Significant positive
exposure-response.

1. Significant
exposure-response in one
geographic area and one
point in time.

1. Early review of
registration.

4 Modest level of
evidence

1. Positive
exposure-response
association but not
significant.

1. Non-significant
exposure-response in one
geographic area and one
point in time.

1. Standard level of
regulatory review.

5 Inadequate evidence 1. Positive evidence of
association or evidence of
no association, but
nonsignificant and
non-monotonic
exposure-response
pattern.

1. Positive evidence but
non-significant
exposure-response in one
geographic area and one
point in time.

1. Standard level of
regulatory review.

6 Evidence of no
effect

1. Sufficient statistical power
to detect an excess relative
risk (or odds ratio) of 20%
in the highest exposure
category. No evidence of
any excess risk of cancer.

1. No evidence of exposure
response in any
geographic area or period
of time.

1. Standard level of
regulatory review.

specific cancer in two or more different geographic areas and/or
at two or more different periods in time. Additional support for
an association would also be generated if the population at risk
can be shown to be exposed to the pesticide, its metabolite, or
biomarkers of early effect in vivo. While the levels of evidence
suggested by the authors in Table 1 are suggested merely as
guidelines for interpreting evidence of human carcinogenicity,
these or similar guidelines are particularly valuable when a pri-
ori hypotheses that link a chemical and a cancer are weak or
inconclusive. If this degree of evidence was available (Category
1 or 2 in Table 1), it would be prudent for a regulatory body
to immediately review and reconsider limiting use/or banning
further use of the chemical. While other issues including eco-

nomic impact should be considered, public health issues should
predominate.

Since the biological mechanism of action of most known
carcinogens is not understood completely, implementation of
timely public health action could be needlessly delayed if we de-
mand that the mode of action be understood before categorizing
a pesticide as a human carcinogen. So, while it is not necessary
to demonstrate a mode of carcinogenic action, whenever molec-
ular epidemiologic studies demonstrate that the pesticide has
a relevant biological effect, the weight of evidence supporting
the declaration of a pesticide a carcinogen (see section below) is
enhanced. Lesser degrees of epidemiologic evidence would indi-
cate proportionally less immediate regulatory review (Table 1).
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I) Pesticide use–1>Dermal exposure 2>Internal Exposure 3-> Early biological effect >-4->Precursor lesion>5>Cancer

Classical epidemiology: prospective cohort study

II) Pesticide use- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - >Cancer

Exposure Assessment

III) Pesticide use- - - - - –>Dermal exposure- - - - - - - –>Internal Exposure

Molecular Epidemiology/ Human Toxicology

IV) Pesticide use - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ->Early biological effect

V) Pesticide use- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ->Precursor Lesion

1Measurement usually made by dermal patch or hand rinse the same day pesticide applications made.
2Measurement made within one or two half-lives of the pesticide use. Frequently with 72 hours of exposure.
3Measurement has been made between 72 hours and 10 weeks of pesticide use
4The period of time between early biological effect and precursor lesions many vary from a few years to twenty or

more years. This is a probably a multi-step process and for most if not all carcinogens, a process that is not
well characterized.

5The period of time between precursor lesion (when it is available) and cancer is not well understood for most
cancers, it might be between a few months to several years.

FIG. 2. Nearly complete causal pathway.

BIOLOGIC PLAUSIBILITY OF RESULTS FROM
CLASSICAL EPIDEMIOLOGIC STUDIES

Cancer is a multistep and multifactor biological process
that usually takes years to go from initial exposure through
all the necessary intervening steps, finally resulting in cancer
(Figure 2). Demonstrating all of these steps is rarely, if ever,
possible in a single epidemiological study of cancer. Under the
best circumstances, key steps along the causal pathway may be
isolated (Figure 2 II-IV) in separate investigations and together
they provide biological support for the classical epidemiology
results (Figure 2, II) by demonstrating: internal exposure, some
early biologic effect following exposure, identifying some per-
sistent effects among those exposed, and by identifying some
plausible mechanisms of action.

A multiplicity of biological pathways have been sug-
gested by which pesticides may cause the cancers observed
in excess among pesticide exposed populations, including
genotoxicity,[131] perturbations in the immune and/or hormonal
system.[132,133] To date, shortcomings in the investigations
have limited establishing firm links between individual pes-
ticide exposures and specific biological effects. One poten-
tial pathway that holds promise is the link between pesti-
cide exposure and chromosome aberrations in peripheral blood
lymphocytes.[134,135]

The frequency of cells with structural chromosome aberra-
tions (CAs) in peripheral blood lymphocytes (PBLs) is the first
genotoxicity biomarker that has actually shown an association
with overall cancer risk[136−138] and recent data indicate that both

DNA double-strand breaks and other initial DNA lesions respon-
sible for chromosome-type and chromatid-type aberrations are
associated with cancer risk.[139] The pooled study by Hagmar
et al.[139] showed that the association between CA frequency
and subsequent cancer incidence/mortality was not modified by
sex, age, country, occupational carcinogenic exposure, or smok-
ing habits. This suggests that a high CA level is predictive of
increased cancer risk irrespective of the cause of the initial CA
increase. The CA-related cancer risk did not change with time
since the CA analysis, indicating that it does not reflect sec-
ondary effects of undetected cancer.[140] To date, this type of
evidence has not been generated in studies of individual pesti-
cides sufficient for causal interpretation.

CONCLUSION
In total, the results from both bioassays and epidemiology

have yet to convincingly demonstrate the carcinogenic poten-
tial of most pesticides. Epidemiologic methods of exposure as-
sessment and relatively small sample size of many studies may
have obscured positive associations that do exist. Conversely,
the epidemiologic studies finding no conclusive causal link may
be correct and the animal evidence may be spurious because of
the inherent limitations of bioassays.

Fortunately, the limitations inherent in epidemiological stud-
ies may be complemented by the strengths of human toxicolog-
ical studies and vise versa. In epidemiology, a new generation
of studies that focuses on increasing the precision of exposure
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assessment of the agent under study and concomitant exposures
and the collection of biological tissue, such as the AHS, will be
complemented by toxicologic studies with an interest in human
metabolic systems. Ideally, a hypothesis generated by either dis-
cipline should be coherent with regards to both epidemiological
and toxicological observations. Therefore, these sciences, op-
erating together, may be able to provide much greater insight
into whether an agent is carcinogenic than either science can on
its own. Clearly, one of the greatest opportunities to make more
rapid progress will be to foster more multidisciplinary collabo-
rations between toxicologists and epidemiologists. Fortunately,
molecular epidemiology offers such an opportunity to coalesce
toxicology and epidemiology in ways that were not possible a
decade ago.
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